Aims. The circumstellar environment of L 2 Pup, an oxygen-rich semiregular variable, was observed to understand the evolution of mass loss and the shaping of ejecta in the late stages of stellar evolution. Methods. High-angular resolution observations from a single 8 m telescope were obtained using aperture masking in the near-infrared (1.64, 2.30 and 3.74 µm) on the NACO/VLT, both in imaging and polarimetric modes. Results. The aperture-masking images of L 2 Pup at 2.30 µm show a resolved structure that resembles a toroidal structure with a major axis of ∼140 milliarcseconds (mas) and an east-west orientation. Two clumps can be seen on either side of the star, ∼65 mas from the star, beyond the edge of the circumstellar envelope (estimated diameter is ∼27 mas), while a faint, hook-like structure appear toward the northeast. The patterns are visible both in the imaging and polarimetric mode, although the latter was only used to measure the total intensity (Stokes I). The overall shape of the structure is similar at the 3.74 µm pseudo-continuum (dust emission), where the clumps appear to be embedded within a dark, dusty lane. The faint, hook-like patterns are also seen at this wavelength, extending northeast and southwest with the central, dark lane being an apparent axis of symmetry. We interpret the structure as a circumstellar torus with inner radius of 4.2 au. With a rotation velocity of 10 km s −1 as suggested by the SiO maser profile, we estimate a stellar mass of 0.7 M ⊙ .
Introduction
During the late stages of evolution of intermediate-mass stars (1-8 M ⊙ ) -that is, at the transition from the asymptotic giant branch (AGB) to the post-AGB phase -the ejected material is shaped into intriguing forms (e.g., bipolar nebulae, torii, disks and/or spirals) that depart from the initial spherical symmetry (van Winckel 2003, and references therein). Although there are many studies in the literature of asymmetries found in post-AGB stars, detections of such asymmetries in AGB stars are rare. It is therefore uncertain at which point the asymmetries begin to develop.
One of the brightest AGB stars in the near-infrared (m K ≤ −2.1 mag) near the solar neighborhood (64 ± 4 pc; van Leeuwen 2007) is L 2 Pup (HD56096, HIP34922, IRAS 07120-4433). It is a semiregular variable (M5III; P = 140 ± 1 days) that experienced a dimming event starting around 1995 (∆V ∼3 mag; Fig dust (Bedding et al. 2002) . The decline lasted for six years, and as of June 2014, the star has not yet begun to recover its former brightness. Dimming events are present in a few other evolved stars (e.g., V Hya; Knapp et al. 1999 ), which may repeat over the course of many years. L 2 Pup had a less severe dimming event around 1960: recovery took until 1980. Unlike V Hya, there is no clear periodicity to the dimming in the data, which go back to 1930.
Only a few images of L 2 Pup are available in the literature. Bedding et al. (2002) stated that the IRAS images are nondescriptive. The WISE satellite observed L 2 Pup post-dimming in the near-and mid-infrared at low angular resolutions, although all images were saturated by the stellar emission. Jura et al. (2002) studied L 2 Pup with the Keck 10 m telescope in the midinfrared and inferred that two asymmetries are present at position angles 135
• and 225
• east-of-north. Past studies on the variation of polarization of L 2 Pup are indicative of an asymmetric 1 dust distribution (Magalhaes et al. 1986 ). In addition to A&A proofs: manuscript no. l2pup_publisher the stellar component, Ireland et al. (2004b) inferred from the MAPPIT/AAT (3.9 m) observations in the optical that an additional emitting component is required. They probed different spatial scales above the photosphere and found a size variation with respect to wavelength in the titanium oxide band (0.68 -0.82 µm) as well as an asymmetric brightness profile, which they attributed to scattering by dust. The indications of asymmetry in the circumstellar environment of L 2 Pup, suggested by polarimetry (Magalhaes et al. 1986) , as well as the indications of dust scattering by interferometric observations (Ireland et al. (2004b) ; see also Section 3.1), might indicate a disk or a companion. Very recently, in an effort parallel to our own, Kervella et al. (2014) have presented infrared interferometric data and deconvolved adaptive-optics images, which show a disk-like structure, approximately 700 mas across, transecting the star, opaque at J, translucent at H and K, and a thermal dust emitter at L. A faint loop extends to the northeast. Kervella et al. attributed the dimming to this disk. L 2 Pup is therefore one of the few AGB stars with evidence for asphericities in their circumstellar material, and as the closest mass-losing AGB star, is ideally placed for resolving the details of the envelope structure. We note that the technique of aperture masking used here is different and complementary to the technique of direct adaptive optics imaging used by Kervella et al. (2014) , as discussed in detail in Sect. 4.5.
The circumstellar environment of L 2 Pup was observed in the near-infrared, using aperture masking techniques on an 8.2 m telescope (NACO/VLT), to detect any asymmetries within a 0 ′′ . 5 radius. The observations are presented in the next section, while results are discussed in Sects. 3 and 4. Conclusions are discussed in Sects. 5 and 6. (Lenzen et al. 2003; Rousset et al. 2003) in sparse aperture masking mode (SAM; Tuthill et al. 2010; Lacour et al. 2011 ) using the 18-hole 2 mask at 1.64, 2.30 and 3.74 µm.
Observations and data reduction
Additional observations were obtained on 8 February 2013 (Prog. ID: 090.D-0677, PI: A.A. Zijlstra) at 2.30 µm using the SAM polarimetric mode (SAMPol). In this mode, a Wollaston prism positioned beyond the aperture mask splits the incoming beam into two polarizations (for a detailed description, see Norris et al. 2012) . With the use of a half-wave plate, the plane of polarization of the beam is rotated at 0
• , 22.5
• , 45
• , and 67.5
• to obtain the polarized intensities at 0
• , and 135
• , that is I 0 , I 45 , I 90 and I 135 . The Stokes vector component, I, of the polarized beam can be recovered from these intensities through the following relation of Murakawa et al. (2005) :
where T is the transmission of the Wollaston prism (∼93% at 2.30 µm). Table 1 contains details of each observing run, such as stellar phases, integration times, number of acquisition frames, and seeing conditions. The projected 136 baseline lengths were in the range of 0.5 and 7.8 meters, which within only 10 minutes of observing time provides an excellent uv-plane coverage (Fig. 1) .
SAM non-redundant masks allow recovering diffraction-limited images with a relative resolution of 20, 30, and 50 mas at 1.64, 2.30, and 3.74 µm, respectively, with minimal disturbance by atmospheric seeing.
Pupil-tracking mode was enabled to prevent the apertures from being covered by the telescope's spiders. This leads to field rotation on the detector, indicated by the rotation of the uv-plane coverage as seen in Fig. 1 . All speckle frames were recorded in cube mode. To decrease readout time and the volume of recorded data, two subframes were chosen on the detector: 1024 × 1028 pixels for the S13 camera and 512 × 514 pixels for the L27 camera. Different dither positions in all four quadrants of those subframes were used in a clockwise pattern to minimize readout time and detector noise (due to the variation of photon and thermal noise in each quadrant during data acquisition), as well as simultaneously recording sky background at an opposing dither position. To allow for determining the transfer function and calibration of the observables, π Pup (K3Ib) was observed immediately after the science target.
The data sets were processed with a pipeline developed at the University of Sydney (Tuthill et al. 2000; Lacour et al. 2011) . The interferograms in each data cube were flat-fielded, dark, bias, and sky subtracted. Each speckle frame was Fourier transformed, and the extracted Fourier components (power spectra, bispectra) were calibrated with respect to the unresolved target. Because of calibration problems, the results from the 1.64 µm data are inconclusive.
Fitting the visibilities: indications of an extended component

Past interferometric observations
Ochsenbein & Halbwachs (1982) predicted a diameter for L 2 Pup in the visual of 13.18 milliarcseconds (mas) based on calculations from the intrinsic color and brightness. Ireland et al. (2004b) previously studied L 2 Pup with optical interferometric techniques using aperture masking, although their projected baselines were oriented at 180 o , that is north-south. They measured an extended component whose size varies with wavelength (Gaussian full-width-half-maximum 76 ± 6 mas), and the diameter of a compact source (uniform disk, UD) at 25 ± 2 mas (∼50% of the total flux), which is almost twice the size of the theoretical prediction of Ochsenbein & Halbwachs (1982) .
VINCI/VLTI data (Meisner 2008) show a similar size for the K-band emission (2.2 ± 0.2 µm;θ UD = 28 +4 −3 mas). This VINCI diameter varies over less than a month of observations, but the visibility is dependent on the different projected baselines and on the stellar pulsation phase, that is the duration of the VINCI observations spanned over one fifth of the stellar pulsation period, as shown in Fig. 2 . Kervella et al. (2014) also found evidence for an unresolved component with an upper limit of θ UD = 17.5 ± 1.6 mas, which they interpreted as the central star. The resolved components (76 and 28 mas; MAPPIT) would be affected by circumstellar emission.
This work
In the SAM power spectra (Fig. 3) , a dependence of the visibility on the baseline position angle (P.A.) is shown at similar baseline lengths for both wavelengths. The distinction is clearer at 3.74 µm, where the difference for visibilities at P.A.≤ 90
• and P.A.≥ 160
• is V 2 ∼ 0.2 . For an initial determination of the overall extent of the detected structures, a simple source morphology was assumed (centro-symmetric) and geometric models were directly fitted to the Fourier data. The initial sizes were estimated by applying a circular Gaussian distribution fit to the azimuthally averaged visibilities, and the errors were estimated from the scatter of the azimuthally averaged measurements. None of these fits were satisfactory since the dependence of the visibility on the baseline P.A. was not taken into account. A further examination of the interferometric data was applied within a 20
• cone, centered on the north-south and east-west directions. Tests were performed for both non-averaged and azimuthally averaged squared visibilities. When we applied new Gaussian distribution fits in all cases, the radius of the object was larger along the east-west orientation. A similar result is seen in the SAMPol data at 2.30 µm. This preferential extension can also be noted in the uv-planes of the original data (Fig. 1) .
Using the geometric model simulator GEM-FIND (Klotz et al. 2012b) , we found that the shape of the object can be described by an ellipsoid, composed of a circular uniform disk representing the star and an elliptical Gaussian distribution representing the circumstellar environment. The best fits to the Fourier data are shown in Fig. 4 . Simpler centrosymmetric functions are also shown for comparison (a uniform disk and a Gaussian distribution).
The two-dimensional fitted structures are also overplotted for comparison to the NACO images in Fig. 6 . The ellipsoid extends at approximately 140 mas along the major axis and at a similar position angle (∼86
• ) in both wavelengths, while the size of the central component (uniform disk) varies from 42 ± 0.3 mas at 2.30 µm to 25 ± 0.5 mas at 3.74 µm.
SAM/NACO imaging
Diffraction-limited maps were reconstructed from the Fourier observables using different methods to independently validate the results. These included the BiSpectrum Maximum Entropy Method (BSMEM; Buscher 1994), the MArkov Chain IMager (MACIM; Ireland et al. 2006) , and the Multi-aperture Image Reconstruction Algorithm (MiRA; Thiébaut 2008) . Each of these methods uses a different algorithm and regularization techniques to produce the best-fit map from the interferometric observables (i.e., visibilities and closure phases).
Image reconstruction with BSMEM
The reconstruction algorithm BSMEM is based on the maximum entropy method (MEM ; Sivia 1987; Skilling & Bryan 1984) .
Based on the geometric model-fitting results (Section 3), images were reconstructed from the power spectra and the closure phases of the calibrated interferograms using a Gaussian distribution as an initial model. Although the algorithm converged at χ 2 ∼ 1, a small misfit was found at low spatial frequencies (that is, baselines shorter than one meter) between the final modeled power spectrum and the data at 2.30 µm, suggesting either a miscalibration of the power spectrum at these spatial frequencies or that a more complex model was required.
A&A proofs: manuscript no. l2pup_publisher Nevertheless, the image reconstruction produced similar structures, both in the SAMPol and SAM data in that wavelength (Figs. 5 and 6 ). In the SAMPol Stokes I map of February 2013, two bright clumps appear extended to ∼65 mas in the eastwest direction at levels above 2% of the peak intensity. In the SAM maps in particular, a bridge-type structure is more prominent in the west, while a hook-like pattern emerges in the east. It is unclear whether the circumstellar environment of L 2 Pup is polarized at 2.30 µm. The Stokes I map shown here was produced by conventional calibration, and this method could not provide more information on the source's polarization. However, when using a differential calibration method for the SAMPol data (Norris et al. 2012 ), the method is sensitive to subtle polarization features. A more detailed analysis of the polarimetric data will be presented in a future paper.
A similar approach was followed for the 3.74 µm data. Here, no other misfits to the power spectra were found within the errors. In the maps presented in Fig. 6 , we detect an elliptical structure with sizes 136 mas and 70 mas along the major and minor axes. This structure is also aligned in the east-west direction. At levels below 5% of the peak intensity, two hook-like patterns are seen in the southwest and northeast directions. Extended emission might be resolved out by the instrument, and/or the stellar photosphere is unresolved at a given wavelength. We emphasize that the MEM process selects the smoothest map that fits the original data, based on positivity and finite-extension of the map (Narayan & Nityananda 1986; Skilling & Bryan 1984) , and it is thus possible that another solution may have fitted the data better. MEM is also known to smooth out fine structures, for instance embedded point sources (Tuthill et al. 2002) . For these reasons, imaging results were reproduced with other different algorithms, as shown in the following sections.
Image reconstruction with MACIM
To verify the consistency of the previous reconstructions, we used MACIM (Ireland et al. 2006) . This algorithm uses a regularization method based on simulated annealing (for a detailed description, see Ireland et al. 2006 ). The initial model consisted of a uniform disk of 25 mas in diameter 3 at 10% of the total flux. The results are strikingly similar to those of BSMEM ( > ∼ 1% of the peak intensity), as shown in Fig. 6. 
Image reconstruction with MiRA
MiRA is an algorithm that minimizes a penalty function composed of two terms following a gradient descent method (Thiébaut 2008) . The two terms are the distance to the data (χ statistics) and the distance to some priors (such as 'regularization', which is used to fill the Fourier space between the points of the uv-plane). MiRA implements many different regularizations; here we used the total variation with edge-preserving smoothness with an adopted regularization weight µ = 10 3 (for a detailed description, see Thiébaut 2008) . This regularization minimizes the total gradients in the image and subsequently smooths the flux levels in the image. The BSMEM and MACIM images are similar to MiRA, which succeeds in reproducing the overall shape of the structures, including the clumpy and hook-like patterns seen in all reconstructions (Fig. 6) . Two clumpy structures emerge at ∼65 mas in the east-west direction at levels above 2% of the peak intensity with a possible extension to the northeast. The central star (L 2 Pup) is unresolved at this wavelength (θ ≤ 30 mas, ≥ 50% peak intensity), but the surrounding envelope (θ ∼ 50 mas) is non-spherical. Contour levels are at 1, 2, 5, 10, 20, 50, and 80% of the peak intensity. North is up and east is on the right.
Comparing image reconstruction and GEM-FIND fitting results
In the right column of Fig. 6 , the image reconstruction results are compared to the best-fit models of GEM-FIND. While improvements can be implemented, the models provide reasonable 4 fits to the reconstructed images (reduced χ 2 is 17.48 and 6.34 for 2.30 µm and 3.74 µm, respectively; Fig. 4 
):
Circular uniform disk: the flux ratio of the central star over the circumstellar envelope is found to be 0.441 and 0.704 at 2.30 and 3.74 µm. The respective modeled stellar diameters coincide with contour levels at 50 and 80% of the peak intensity in the maps.
Elliptical Gaussian: the major and minor axes, including the position angle of the ellipse, fit the structures in the maps to within 5% of the peak intensity (cf. contours in Fig. 6 ) for both wavelengths.
Comparison to Kervella et al. 2014
The observations presented here are taken with the same instrument as was used in Kervella et al. (2014) , but with a very different technique. Kervella et al. used direct imaging with adaptive optics as well as lucky imaging with very short integrations, selecting the best images. Deconvolution was used to further improve the resolution. This gives superb resolution but depends on the accuracy of the point-spread-function (PSF) calibration and on the Strehl ratio. The current data were taken with an aperture mask. This creates a Fizeau inteferometer, giving an exactly A&A proofs: manuscript no. l2pup_publisher Fig. 5 . The resolution elements of SAM for the respective wavelengths are shown in the lower left corner of the second column. GEM-FIND model fits are overplotted in the third column for comparison: elliptical Gaussian (FWHM; orange) and circular uniform disk (white). The extent and size of the fitted models is similar to those of the mapped structures down to 5% of the peak intensity, while ≥70% of the emission originates from the central star. At 2.30 µm two clumpy patterns emerge in the east-west direction with a possible hook-like pattern rising in the north-east. The former are unresolved at 3.74 µm, and the shape now resembles a bar with two hook-like patterns emerging in the north-east and south-west directions.
known PSF that is independent of the seeing (the seeing does affect the signal-to-noise), but with reduced throughput because of the mask geometry.
Comparing the two techniques, aperture masking has higher angular resolution: its PSF is somewhat smaller than the diffraction limit of a single mirror and deconvolves well because it is mathematically known. Both techniques require accurate calibration (PSF for direct imaging and visibility amplitude for aperture masking). Aperture masking filters out extended emission, while adaptive optics leaves extended pedestals in the PSF. The techniques are complementary in view of their very different strengths.
Comparing our Fig. 5 with Fig. 4 of Kervella et al. (2014) illustrates this. The current data have a slightly better resolution and show smaller details, but the extended disk is better seen in Kervella et al. Allowing for this, the agreement is very good. The aperture masking K-band image shows two clumps either side of the star, indicating a better resolution than Kervella et al., but the extended disk emission is suppressed. The L-band image, with its shorter uv-spacings, shows the disk better. The overall structures agree very well, validating the images of Kervella et al. (2014) and supporting the reliability of the image reconstruction.
Nature of the detected structure
The NACO observations are focused at 2.30 µm, where the detection of carbon monoxide emission 5 and scattered dust emission from the circumstellar envelope is expected, and at 3.74 µm, where continuum emission from the dusty environment probably is more prominent. The detected ellipsoidal structure is common in both wavelengths. This was confirmed by convolving the 2.30 µm maps with the resolution beam of SAM/NACO at 3.74 µm. The overall structure may be interpreted either as an elongated outflow or a toroidal structure, depending on the inclination of the object with respect to the line of sight and the stellar rotation axis. The interpretation of the hook-like features depends on the inclination of the object as well. A few possible scenarios on the origin of the structure detected around L 2 Pup by SAM/NACO are presented below.
Circumstellar shell hypothesis
The structure detected at 2.30 µm is aspherical and extends on both sides to 65 mas on average (above 3% of the peak flux eastwest), which in physical units translates in 4.2 au. The structure becomes an ellipsoid at the pseudo-continuum (3.74 µm), with approximate sizes 140 mas wide in the east-west direction and 70 mas wide in the north-south direction (Fig. 6) . Bedding et al. (2002) compared the IRTS mid-infrared spectrum (recorded in 1995, pre-dimming) to a model of a silicaterich, detached shell 6 . The inner and outer radii of that dust shell were 7.2 × 10 14 and 1.3 × 10 15 cm (or 48.1 and 86.9 au). At a distance of 64 pc, these dimensions translate into 0 ′′ . 75 and 1 ′′ . 35, and are placed within the extended envelope detected at 11.7 µm (1 ′′ . 8×1 ′′ . 8; Jura et al. 2002) . With a known expansion velocity 7 of approximately 2.5 km s −1 (Kerschbaum & Olofsson 1999) , the outer edge of the shell would have reached that distance within 165 years. Nevertheless, such a shell is much larger than the structures detected by SAM and also lies outside the region imaged by Kervella et al. (2014) .
There have been previous detections of molecular shells in the extended atmospheres of AGB stars (Le Bouquin et al. 2009; Perrin et al. 2004; Eisner et al. 2007; Thompson et al. 2002; Ohnaka et al. 2012; Wittkowski et al. 2007 Wittkowski et al. , 2011 Ireland et al. 2004a) . The sizes of these shells have been estimated through star+molecular shell models (MOLspheres) or dynamic atmosphere models and are spherically symmetric. The observations presented here showed that the case of L 2 Pup is different because no spherically-symmetric shell was detected.
Toroidal structure hypothesis
The molecular emission of L 2 Pup has been extensively monitored in the past fifty years; it showed the variability of the outflow velocity (Kerschbaum et al. 1996; Kerschbaum & Olofsson 1999; Winters et al. 2002; Lepine et al. 1976; Winters et al. 2002 Winters et al. , 2003 Haikala 1990; Haikala et al. 1994; Menten & Melnick 1991; Gomez Balboa & Lepine 1986; Lepine et al. 1978; Caswell et al. 1971; Knowles & Batchelor 1978; Balister et al. 1977; Schöier et al. 2004; González Delgado et al. 2003) . González Delgado et al. (2003) reported that the interior of the circumstellar envelope of L 2 Pup is probably complex, based on their SiO observations. However, the radio interferometric measurements by Schöier et al. (2004) of "thermal SiO" were unable to probe the direction of these flows, and a circularly symmetric envelope was assumed.
Recent observations (McIntosh & Indermuehle 2013) of the variation in the positioning of the velocity centroids of SiO maser emission over a period of four years, indicate an asymmetric nature of the gaseous environment of L 2 Pup which may be associated with a rotating edge-on disk and bipolar ejecta (see Sect. 5.3). SiO maser emission probes the material much closer to the star than the "thermal" SiO emission. Kerschbaum & Olofsson (1999) suggested that the line profile seen in the carbon monoxide spectra is caused by a gaseous disk around the star, similar to the case of SV Psc (Klotz et al. 2012a ). Bujarrabal et al. (2013) showed that similar CO line profiles can be found in post-AGB stars, and they assigned these to rotation in molecular disks. In fact, three of these objects -the Red Rectangle, AC Her, and HR 4049 -have slow expansion velocities, bipolar ejecta, and circumbinary dusty disks.
The rotational axis of L 2 Pup is unknown, which allows for a range of scenarii on the nature of the detected structures. How-ever, the images of Kervella et al. (2014) are strongly suggestive of a rotating east-west disk, which would indicate a north-south rotation axis.
Considering that the bilateral clumps are observed farther out than the extended circumstellar emission ( > ∼ 30 mas) in all 2.30 µm maps, but are absent from the 3.74 µm maps 8 , it is possible that the edge-on structure detected with SAM/NACO is in fact a torus of gas interwoven with dust. The origin of the hook-like patterns is quite perplexing. These emerge at levels ≤5% of the peak intensity and extend symmetrically southwest and northeast in all the SAM maps. Assuming that the inclination of L 2 Pup in our line of sight is perpendicular to the northsouth axis, that is 90
• , the possibility of an inclined, edge-on spiral or helical structure, similar to those observed in AGB stars (e.g., AFGL3068; Mauron & Huggins 2006) and planetary nebulae (e.g., PNG356.8+03.3; Sahai et al. 2011) , should not be excluded.
Stellar and torus parameters
The SiO maser spectra of McIntosh & Indermuehle (2013) show an unusual profile, with two peaks separated by 20 km s −1 , in addition to the more usual narrow peak at the systemic velocity. A rotating gaseous disk would fit this profile, where the separated peaks show the approaching and receding side of the disk. The central velocity component may trace the stellar wind might be emission from the disk in front of the star, where the maser is amplifying the stellar emission. This model gives a rotational velocity of the disk of v sin i = 10 km s −1 , where i is the inclination with respect to the plane of the sky.
The two clumps seen on either side of the star are consistent with the expected structure seen at the inner radius of the disk. This gives an inner radius of 4.2 au (Kervella et al. derived 6 au from their models).
Assuming Keplerian velocities, this gives a mass of the star of M sin i = 0.7 M ⊙ . The optical obscuration events, and the images of Kervella et al. (2014) , indicate an inclination i ∼ 90
• , although given the size of the star, a significant range of i is possible. However, using a maximum range of i = 60 deg and r = 6 au still implies a stellar mass M < 1 M ⊙ .
This mass is lower than that derived by Kervella et al. (2 M ⊙ ). They located the star at the beginning of the AGB (meant is the start of the TP-AGB) where the mass is still close to the initial mass. However, the short period of the star of 140 days together with a location 0.5 mag below the Mira PL relation (Bedding & Zijlstra 1998; Bedding et al. 2002) suggest a low initial mass, as found here.
Binarity hypothesis
The possible signature of a binary companion was investigated in the SAM/NACO data, although the binary nature of L 2 Pup was previously doubted by Jorissen et al. (2009) . Using the geometric model-fitting tool LITpro 9 (Tallon-Bosc et al. 2008) , an additional, unresolved component, with a flux ratio ranging from 1/100 to 1/500, was included in the model presented in Sect. 3 and was positioned randomly within the NACO field of view. All attempts failed to converge (χ 2 >> 1), suggesting that no signal from a binary companion was found in the data.
